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The polymorphic intermetallic compound Zn5Sb4In2d (d =0.15(3)) shows promising thermoelectric
properties at low temperatures, approaching a figure of merit ZT of 0.3 at 300K. However,
thermopower and electrical resistivity changes discontinuously at around 220K. Measurement of the
specific heat locates the previously unknown temperature of the order-disorder phase transition at
around 180K. Investigation of the charge carrier concentration and mobility by Hall measurements
and infrared reflection spectroscopy indicate a mixed conduction behavior and the activation of
charge carriers at temperatures above 220K. Zn5Sb4In2d has a low thermal stability, and at
temperatures above 470K samples decompose into a mixture of Zn, InSb, and Zn4Sb3. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4729566]
I. INTRODUCTION
Binary compounds between zinc and antimony have
attracted a lot of attention due to their thermoelectric
properties.1–4 In particular p-type, b-Zn4Sb3 is considered as a
state-of-the-art material for the temperature region 400–700K
and thus interesting for waste heat recovery applications from
automotive exhausts.5,6 However, a notorious problem of
Zn4Sb3 manifests in its limited thermal stability which has
hampered the development of practical devices.7 Computa-
tional modeling studies confirm that b-Zn4Sb3 is only weakly
stable with respect to decomposition into Zn and ZnSb.8
Ternary derivatives of zinc antimonides may show
improved thermal stability while still providing good thermo-
electric properties. Accordingly, the recently discovered com-
pound Zn5Sb4In2d (d¼ 0.15) outperforms Zn4Sb3 in the low
temperature range 10 – 350K.9 It crystallizes in a novel ortho-
rhombic framework structure (shown in Fig. 1) that can be
looked upon as a stuffed variant of the prolific tetragonal
CuAl2 type (1 2 1 superstructure). The arrangement of Sb
atoms is identical to that of the Al atoms in CuAl2 and corre-
sponds to rows of face-sharing square antiprisms that are con-
nected in the bc plane by sharing triangle edges. The majority
of Zn atoms occupies tetrahedral interstices in the Sb sub-
structure and attains a peculiar five-coordination by one like
and four Sb atoms, which is typical for the structures of binary
zinc antimonides. The remaining Zn and In atoms are distrib-
uted in the tetragonal channels formed by the square anti-
prisms and display some disorder. For Zn, this is expressed in
a split position and for In in an occupational deficiency
(5%–10%), which is indicated as d in the compound formula.
At temperatures below 200K, Zn5Sb4In2d undergoes a phase
transition into a more ordered structure where the Zn split
position resolves in a monoclinic space group without a
change of the unit cell.9
From theoretical calculations, it has been shown that
when considering an ideal situation with fully occupied In
positions (d¼ 0), monoclinic Zn5Sb4In2d possesses a nar-
row band gap with a size of 0.2 eV, and the Fermi level
becomes situated at this gap.10 The In deficiency may shift
the Fermi level into the valence band, and thus determine the
p-type carrier concentration. This situation would be similar
to b-Zn4Sb3, where the p-type carrier concentration is con-
trolled by a small width of Zn deficiency.11 The electrical re-
sistivity q and thermopower (or Seebeck coefficient) S of
Zn5Sb4In2-d are typical of a heavily doped or degenerate
semiconductor. Both properties, however, change discontin-
uously at around 220K.9 The altered behavior of S is detri-
mental to the thermoelectric figure of merit ZT (Z¼ S2/qj) at
higher temperatures, where j is the thermal conductivity.
The nature of the temperature dependency of q and S for
Zn5Sb4In2d is not yet understood. In this work, we elucidate
whether there is a relation between the discontinuous prop-
erty changes of Zn5Sb4In2d and the monoclinic-to-ortho-
rhombic structural transition, and study the charge carrier
concentration and dynamics across a temperature range cov-
ering both events. Furthermore, investigations into the ther-
mal stability of Zn5Sb4In2d are performed.
II. EXPERIMENTAL SECTION
A. Synthesis and phase characterization
Zn5Sb4In2d was synthesized by the flux procedure
described in detail in Refs. 9 and 12. This method affords
Zn5Sb4In2d as phase-pure, mm-sized, typically agglomerated,
a)Present address: Department of Physics, Tsinghua University, Bejing,
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crystals. Such crystal pieces were selected and processed for
the various investigations:
Specimen A1 and A2: Large (non-agglomerated) crystal
specimens were carefully shaped and polished into square
blocks with dimensions 4.50 4.50 0.62mm and 3.84
 3.84 0.40mm, respectively. The surface of the obtained
specimen was free from any excess metal residual from the
flux synthesis.
Specimen B (cold pressed sample): crystal specimens
obtained from flux synthesis were ground to a fine powder
and pressurized to 2GPa at room temperature in a multi
anvil device.13 The obtained specimen corresponded to a cyl-
inder (4.2mm in diameter and 8.0mm in length) with a den-
sity close to the crystallographic density of Zn5Sb4In2d
(>98%). From this cylinder, disks with 0.5mm thickness
were cut with a diamond saw.
For phase analysis of samples obtained from flux synthe-
sis and of specimens obtained after further processing, powder
x-ray diffraction (PXRD) patterns were collected on a Sie-
mens D5000 diffractometer (Bragg-Brentano h:h geometry)
using Cu Ka radiation (k¼ 1.54059 A˚). Scanning electron mi-
croscopy (SEM) was employed to examine the surfaces of
samples by back scattered electron imaging and energy dis-
persive spectroscopy (EDS). The SEM studies were per-
formed in an FEI XL-30 scanning electron microscope.
B. Thermal analysis
Differential scanning calorimetry (DSC) measurements
were carried out on a TA Instrument 2910 calorimeter.
Weighed samples of 20mg were sealed in TA Tzero alu-
minum pans under dry argon. All experiments were per-
formed with a helium flow of 30ml/min. Baselines were
collected with two empty pans to determine the heat imbal-
ance between the sample and reference pan. Temperature
and heat flow were calibrated with indium (Tm¼ 429.8K,
DH = 28.58 J/g) and zinc (Tm¼ 692.7K). Scanning tempera-
tures ranged from room temperature to 723K at a heating
and cooling rate of 5K/min. Data processing and analysis
were made with the TA Instrument software Universal Anal-
ysis 2000.
C. Heat capacity measurement
The temperature-dependent heat capacity was measured
from 300K to 2K (50 points distributed logarithmically) using
a quasi-adiabatic step heating technique as implemented in the
physical property measurement system (PPMS) of Quantum
Design. A sample prepared by grinding crystal specimens of
Zn5Sb4In2d (approx. 10mg) was thermally connected to the
platform of the sample-holder via small amount of Apiezon-N
grease. In addition, the measurement was repeated from 210K
to 130K (50 points distributed linearly) in order to get a
detailed description of the phase transition, and from 300K to
270K (four points distributed linearly) to get a better support
for the theoretical match in this region. The uncertainty of the
measurement is estimated to be below 5%.
D. Transport measurements
Hall and resistivity measurements were carried out on
specimens A1, A2, and B in a custom computer-controlled
system designed in the van der Pauw configuration. The Hall
coefficient is defined as
RH ¼ VHd
IB
¼  1
nHq
; (1)
where VH is the Hall voltage, I is the current through the
sample, B is the magnetic flux density, and d is the thickness
of the sample. Further, nH is the Hall carrier concentration
and q is the carrier charge (e or þe for electrons and holes,
respectively). The resistivity from the van der Pauw configu-
ration was calculated according to Ref. 14. The entire system
consisted of a 71=2 Agilent 34420A voltmeter, a high
impendence Keithley 7065 Hall card in a Keithley 7001
switch matrix, and a Keithley 200 current source. Four con-
tacts with gold wires were painted with Demetron D200 sil-
ver paint on the sample corners. The influence of the Nernst,
Righi-Leduc, thermoelectric and geometric effects was elim-
inated by performing four sequential measurements in which
the sign of the current and magnetic fields were reversed for
opposing electrodes, followed by a similar sequence where
the current and voltage electrode leads were switched. A set
duration time of one second was used between the switching.
The cryostat of the PPMS was employed to control the tem-
perature from 10 to 350K and to apply magnetic fields of
0.4 T perpendicular to the sample for the Hall measurements.
The current used for both Hall and resistivity measurements
was typically 10 mA. During the investigation of sample A2,
a part of the specimen broke off. The Hall results for this
sample were deemed unreliable and thus excluded.
Near normal incidence reflection spectra were recorded
for specimen A2 with a Bomem DA-8 Fourier transform in-
terferometer in the spectral range of 80–5000 cm1 using a
gold mirror as reference. Samples were mounted on the cold
finger of a helium flow cryostat for temperature control.
Thermopower measurements were performed on sam-
ples A1 and B employing the thermal transport option (TTO)
b
c
Room temperature Low temperature
FIG. 1. The structure of the orthorhombic room temperature and monoclinic
low temperature form of Zn5Sb4In2d projected along the a direction. Cyan,
red, and grey circles denote Zn, Sb, and In atoms, respectively. The Sb sub-
structure corresponding to rows of face-sharing square antiprisms is shown
by thin lines. Atom pairs Zn-Zn and Zn-In stuffing tetragonal channels are
connected by thick lines.
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of the PPMS. Two copper disks with extruded leads on
each end were glued oppositely onto the specimen using a
two-component silver-filled epoxy (Epo-Tek H20E), which
provided contacts after curing at slightly elevated tempera-
tures for a short time. The arrangement was then mounted on
the TTO puck, which was subsequently loaded into the PPMS
chamber and then evacuated (<103 Torr) for the measure-
ment. The measurements were conducted in a two-point con-
figuration from 10 K to 350 K at a scanning rate of 0.3K/min.
For each specified measurement temperature, a heat pulse was
applied to the sample to create a temperature gradient of 3%.
The autorange feature of the PPMS system was used in all of
the measurements. Radiation heat loss was automatically cor-
rected with the incorporated functions of the software.
III. RESULTS AND DISCUSSION
A. Resitivity and thermopower
The peculiar feature of Zn5Sb4In2-d is a discontinuous
change in the resistivity and thermopower at around 220K. In
Fig. 2(a), the resistivity for specimens A1, A2, and B is com-
pared to the previously published resistivity of a crystalline
sample.9 In the interval 10–220K, all samples show a
metallic-like behavior until q reaches a maximum. Thereafter,
q either plateaus (A1) or changes into a semiconductor-like
behavior. The activation energy estimated from the exponen-
tial decrease of q for those samples is around 0.1 eV. Resistiv-
ity values for A2 appear higher than for the other samples.
This, together with small changes in the slope at around 100
and 150K, indicates a more complicated temperature depend-
ence for this sample. The reason behind this behavior is
unknown; however, we suspect that this sample actually was
polycrystalline and of lower density than A1 and B.
The thermopower for Zn5Sb4In2d samples exhibits a
positive sign which implies that holes are the major charge
carriers (Fig. 2(b)). Between 10 and 200K, the temperature
dependence of S is positive and S attains a maximum value at
around 220K. A discontinuity in the temperature dependence
of S appears concomitant with that of the resistivity. The cold
pressed sample (B) displays somewhat higher values of S. For
an intrinsic semiconductor, the effective band gap Eg can be
estimated according to Eg¼ 2eTmaxSmax, where Smax is the
maximum value of the thermopower and Tmax is the tempera-
ture corresponding to the maximum of S.15 Values for Smax
and Tmax around 200lV/K and 200K, respectively, result in
Eg values around 0.08 eV, which agrees very well with the
carrier activation energy obtained from the resistivity data.
B. Heat capacity
It may be suspected that the discontinuous property
changes around 220K are connected to the monoclinic-to-
orthorhombic phase transition of Zn5Sb4In2d. This transfor-
mation is reversible and has been observed in single crystal
x-ray diffraction experiments.9 However, its temperature is
not accurately known. The heat capacity measurement, shown
in Fig. 3, displays an anomaly between approximately 125 and
200K which peaks at around 180K. To estimate the phonon
contribution of the specific heat, a simple model with two Ein-
stein modes (TE1¼ 175K and TE2¼ 361K) and one Debye
contribution (HD¼ 84K) was used and provided a good fit to
the heat capacity for the data points above and below this
anomaly. The individual contributions D:E1:E2 of the model
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FIG. 2. Resistivity and thermopower (Seebeck coefficient) for different
samples Zn5Sb4In2d (A, crystalline; B, cold pressed).
FIG. 3. Specific heat C (open circles) as a function of temperature T of
Zn5Sb4In2d together with the fitted phonon contribution (solid line) using a
simple Debye-Einstein Model. The dashed line indicates the upper Dulong-
Petit limit assuming d¼ 0.15. Inset (a) shows the broad anomaly DC (open
circles) by subtraction of the phonon contribution from experimental data.
The solid line represents the integrated enthalpy of the phase transition. Inset
(b) displays the change in entropy of the phase transition.
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were 4:5:1.85. We attribute the anomaly to the structural trans-
formation and note that this transition occurs at lower temper-
atures with respect to the anomalies for S and q. Therefore,
the two events are most likely not related. The enthalpy and
entropy of the phase transition are 480 J/mol and 3.1 J/mol K,
respectively. A rather high error of about 10% should be
assigned to both values because of the uncertainly of the low
temperature onset of the phase transition. The entropy value is
slightly higher than for the order-disorder a-b transition in
Zn4Sb3 (around 2 J/mol K).
16
C. Carrier concentration and mobility
Fig. 4(a) shows the carrier concentrations obtained from
Hall measurements (A1 and B) and infrared reflectance spec-
troscopy (A2). The Hall carrier concentration (nH¼ 1/RHe) of
the cold pressed sample B is around 6 1019 cm3 at 10K and
appears to decrease slightly and linearly until 225K after
which a discontinuous change (increase) occurs. nH for the
crystalline sample A1 is just 1 1019 cm3 at 10K and
increases to about 3 1019 cm3 at around 50K. At room tem-
perature nH is about 7 and 4 1019 cm3 for B and A1, respec-
tively. For b-Zn4Sb3 charge carrier concentrations at room
temperature are in a range between 6 and 9 1019 cm3; the
interval is attributed to the slightly variable Zn content (self-
doping).11 Self-doping may also apply to Zn5Sb4In2d consid-
ering slight variations in the In content. We note that nH for
A1 and B are reverse to what would have been expected from
the resistivity and thermopower measurements (cf. Fig. 2).
Infrared reflection spectroscopy provides a means of
contact-free measurement of carrier concentration and mo-
bility. According to the Drude model, the oscillation of free
charges with respect to the ions in the lattice can be consid-
ered as plasma, with a characteristic frequency xp
x2p ¼
4pne2
e1m
; (2)
where n is the charge carrier concentration, m* is the effec-
tive mass, and e1 is the complex dielectric constant at infi-
nite frequency.17 The dielectric constant function e(x) is
obtained by a Kramer-Kronig transformation of reflection
spectra. The imaginary part Im(1/e(x)), also called elec-
tron energy loss function, provides information about xp
(and thus the carrier concentration) from its peak position.
The scattering rate of carriers, which is inversely propor-
tional to the mobility, relates to the width of Im(1/e(x)).
Fig. 4(a) includes the carrier concentrations derived from
optical reflectance spectra in the temperature range from
77K to 300K. For calculating carrier concentrations, an
effective mass of 0.9 me was assumed. This value was found
appropriate for Zn4Sb3.
16 We note that with this value for
the effective mass, carrier concentrations obtained from
spectroscopy are by about three times larger compared to
the results from the Hall measurements. Since the value of
m* is uncertain it may be modified (diminished) to achieve
a fit with the Hall carrier concentration. However, analysis
of reflectance spectra shows that this simplification is not
justified.
Reflectance spectra were collected for sample A2
between 100 and 300K and did not show any significant tem-
perature dependence. The spectrum at 250K is shown repre-
sentatively in Fig. 4(b), together with a corresponding
spectrum for Zn4Sb3.
18 They are qualitatively similar in a
sense that the reflectivity drops as frequency increases,
reaches a minimum, and starts to increase again. The mini-
mum, which is directly related to the “plasma edge,” is situ-
ated at lower frequencies for Zn5Sb4In2d in comparison with
Zn4Sb3 (about 900 and 1500 cm
1, respectively). This obser-
vation signals a considerable decrease of the ratio n/m* for
Zn5Sb4In2d. According to Eq. (2), when assuming similar
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FIG. 4. (a) Carrier concentration for different samples Zn5Sb4In2-d (A, crys-
talline; B, cold pressed). (b) Reflectivity spectra for Zn5Sb4In2d (red line,
sample A2) and Zn4Sb3 (black, broken line) at 250K. The spectrum for
Zn4Sb3 is according to Ref. 18. (c) Mobility for different samples Zn5Sb4In2-d
(A, crystalline; B, cold pressed).
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carrier concentrations this suggests that m* in Zn5Sb4In2d is
actually higher than in Zn4Sb3. Unfortunately, we were not
able to perform Hall and reflectance measurements on the
same specimen, which would have allowed to make a more
conclusive assessment of the effective mass.
The charge carrier mobility was calculated from the
Hall and optical reflectance spectroscopy data. This is
shown in Fig. 4(c). The mobility extracted from the spectro-
scopically obtained scattering rate (sample A2) compares
well with the Hall mobility of sample A1 in the temperature
range 220–300K. At room temperature, the values are 40
and 68 cm2V1s1 for A2 and A1, respectively. These val-
ues are comparable with Zn4Sb3 but higher than for other
complex intermetallic compounds considered for thermo-
electric applications, such as Yb14Mn1xAlxSb11 and
Ca5Al2Sb6.
19–21 The cold-pressed sample (B) displays a
lower mobility (10 cm2V1s1 at 300K). Importantly, the
mobility—being obtained from two independent experi-
mental methods—does not show any significant discontinu-
ity in the temperature dependence above 200K and, thus,
cannot be responsibly for the discontinuous resistivity
change of Zn5Sb4In2d. For sample A1, the Hall mobility
increases sharply when approaching low temperatures. This
is a consequence of the sharp decrease of the carrier con-
centration. We note that sample A1 appeared highly crys-
talline, without noticeable cracks and defects. The behavior
of sample A1 at low temperatures may be explained by a
low concentration of extrinsic charge carriers and weak im-
purity scattering, due to a high degree of crystallinity.
It is important to recognize that neither spectroscopy nor
Hall measurements indicate a substantial increase of the
charge carrier concentration for Zn5Sb4In2d at around 220K,
as perhaps expected from the altered temperature dependence
of the resistivity. Zn5Sb4In2d appears as a p-type material,
however, considering the very small band gap (< 0.1 eV) con-
ductivity may be actually of mixed type with substantial n-
type contribution. In this case, Hall carrier concentrations
shown in Fig. 4(a) would be too low because the equality in
Eq. (1) is only valid for extrinsic conductors. This could
explain why sample B displays a higher thermopower than
sample A1 although its Hall carrier concentration according
to Eq. (1) is higher. Also, the apparent issue with the effective
mass may be explained by a mixed conduction scenario. The
event at around 220K could then correspond to a charge car-
rier activation, again of mixed type and with variable ratio.
For example, for sample B, primarily majority carriers are
excited, whereas the ratio is rather balanced for sample A1.
This observation would agree with the previously made
assumption that sample A1 is essentially intrinsic and display-
ing the highest degree of mixed type conduction. For sample
A2, primarily minority carriers would be excited. Those
remain undetected in IR reflection spectroscopy which probes
the component with higher plasma frequency, i.e., the major-
ity charge carrier. At this point, we are not able to prove500 600 700 800
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FIG. 5. DSC heating (red line) and cooling trace (blue line) of Zn5Sb4In2d.
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FIG. 6. Powder XRD pattern (Cu Ka) for annealed samples Zn5Sb4In2d at
673K (a), 723K (b), and 773K (c). Bragg positions for Zn5Sb4In2d hcp-
Zn, InSb and b-Zn4Sb3 are shown as black, red, green, and blue bars, respec-
tively. Additionally, diamond and triangle symbols mark main reflections
from the decomposition products.
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explicitly a mixed conduction behavior but only hypothesize
that it would provide a plausible explanation for the peculiar
transport properties of Zn5Sb4In2d.
D. Thermal stability
The application of Zn4Sb3 in thermoelectric devices has
been hampered by its low thermal stability and an interesting
question is whether ternary derivatives provide an opening
for this dilemma. Fig. 5 shows a DSC heating and cooling
trace of Zn5Sb4In2d from 450 to 750K where multiple
endothermic events can be identified. The endothermic peak
around 590K is most likely associated with a structural tran-
sition and perhaps even the events at around 690K. At
higher temperatures, the decomposition of Zn5Sb4In2d into
a mixture of Zn4Sb3, InSb, and Zn is proposed. According to
its DSC heating trace Zn5Sb4In2d appears thermodynami-
cally stable, which is in contrast with related materials, e.g.,
Cd4Sb3 and Zn9Sb6In2,
12,22 where broad exothermic events
upon heating reveal a metastable nature.
Several ex-situ investigations were also performed. For
this selected crystals and polycrystalline powder, samples of
Zn5Sb4In2d were sealed under vacuum in silica ampoules,
annealed for three hours at different temperatures, and subse-
quently quenched. PXRD patterns of samples annealed at
673K showed small amounts of Zn and InSb which drasti-
cally increased at 723 and especially 773K (Fig. 6). The
results from the ex-situ experiments indicate a thermal insta-
bility of Zn5Sb4In2d which was not apparent from the DSC
experiments. This was confirmed from long time (24 h)
annealing experiments of disks obtained from specimen B.
SEM revealed that Zn5Sb4In2d actually slowly decomposes
already at temperatures as low as 473K. The decomposition
manifests itself in the appearance of islands of segregated Zn
on the surface, as shown in Fig. 7. We, therefore, conclude
that, in contrast with earlier assumptions,9,12 Zn5Sb4In2d is
metastable with respect to a decomposition into Zn, InSb,
and Zn4Sb3 and only slow kinetics prevents the observation
of an associated exothermic event in DSC.
IV. CONCLUSION
Zn5Sb4In2d shows promising thermoelectric properties
below room temperature. The values and temperature de-
pendence of the electrical resistivity and thermopower are
consistent with a doped narrow-gap semiconductor. At first
sight, Zn5Sb4In2d has many similarities to the state-of-the-
art thermoelectrics Zn4Sb3; both materials display an order-
disorder structural transition below room temperature, p-type
conductivity, and non-stoichiometry. For Zn4Sb3, non-
stoichiometry refers to the Zn composition which is addition-
ally slightly variable. The Zn content of Zn4Sb3 defines the
carrier concentration. This may be similar for Zn5Sb4In2-d
with respect to its In composition, however, a detailed inves-
tigation into the phase width and its possible relation to
charge carrier concentration has not been performed yet. The
order-disorder transition in Zn5Sb4In2d occurs at around
180K and a process of carrier activation at around 220K.
The events do not appear connected. Carrier activation leads
to a discontinuous change in the thermopower and electrical
resistivity and as a consequence thermoelectric properties of
Zn5Sb4In2d degrade. Additionally, the material appears
metastable and decomposes into Zn, InSb, and Zn4Sb3 at
higher temperatures (above 450K). Therefore, it seems
unlikely that Zn5Sb4In2-d can be developed into a practical
thermoelectric material.
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